Evolution refers to the historic ''unfolding'' of organismal life on Earth, which already intrigued Greek philosophers. It cannot be studied directly-just as the plot of a theatre play cannot be inferred from watching the last second. Instead; we study the fossil record; also, synthetic biology has increasing power to mimic key steps in evolution. The comparative approach, however, remains most informative. It infers ancient conditions from the comparison of extant species. Classically, evolutionary biologists compare tissues and organs-during development and in adults. More recently, comparative genomics allow tracking the increase in protein complexity in divergent lineages. Now, a new level of comparison has emerged, linking organ, tissue, and protein evolution-the cell type. Cells are the basic building blocks of life; once we understand their evolutionary diversification into types, this will solve the secrets of multicellular life. A combination of whole-organism single-cell transcriptomics, proteomics, expression atlases, and CRISPR-Cas9-based functional studies in various organisms opens up exciting new questions: What is the cell type complement in one species as compared to others? How is it specified and maintained? What are the cell type-specific molecular machines, or modules, and how did these diversify in evolution? Answering such questions will allow us to examine even more complex structurestissues and organs, ultimately learning about their evolution as an emergent property of their constituting cell types.
From Chemistry to Communities

Nicole King
University of California, Berkeley, HHMI Evolution is our family story. It holds the keys to explaining our ancestry, our connections with other life forms, and our eventual, unavoidable extinction. One of the most exciting frontiers in evolutionary biology concerns how it all began-the origin of life. From our modern vantage, over 3 billion years after prebiotic chemistry gave rise to life, how can we reconstruct the first major evolutionary transition? The most meaningful advances have begun with an explicit model that can be tested experimentally using techniques from chemistry, physics, and biology. These approaches have uncovered plausible prebiotic chemical pathways leading to ribonucleotides, lipids, and amino acids. The gap between simple macromolecules and cells is huge, making this one of the most compelling intellectual playgrounds for budding evolutionary biologists. Fast forward to today, as we slowly come to terms with the outcomes of our 3+ billion year evolutionary history. Far from existing in isolation, evolution has led nearly all archaea, bacteria, and eukaryotes to form obligate associations with communities of other organisms. Eukaryotic genomes have evolved through rampant gene exchange with bacteria, our metabolic pathways are interconnected with those of our resident bacteria, and this is to say nothing about pathogens. Understanding our deep history will require new approaches that take into account coevolution writ large, the dynamic, complex, and evolvable interactions among communities of organisms. (1859), the big question for naturalists was whether the mechanism he (and Alfred Wallace) proposed-natural selection-could explain the exquisite adaptation of organisms to their environment, and the formation of new species. More than 150 years later, evolutionary biologists are still focused on these two principal evolutionary phenomena. But the questions have shifted from whether to ''how''-how do new adaptations arise, and how does speciation occur? Empowered by molecular genetics, biochemistry, and developmental biology, the focus has expanded from the organismal scale to the molecular: How is genetic variation generated and maintained? How do new protein activities, protein complexes, or physical traits evolve? Evolutionary biology is the midst of what Dean and Thornton have dubbed ''The Functional Synthesis'' (Nature Reviews Genetics 8, 675-688) that seeks a functional understanding of the mutational paths to new phenotypes. Biologists are dissecting some of the very same phenomena that gripped Darwin and his contemporaries including mimicry in butterflies, the radiation of Galapagos finches, the diversity of vertebrate limbs, and yes, even the giant horns of dung beetles, as well as experimenting on model organisms such as bacteria, yeast, and fruit flies. They are revealing the kinds of mutations that are necessary and permissible to make the endless forms that have been and are being evolved.
Contemporary evolutionary biology has been built upon a rich foundation of theoretical models providing hypotheses for how and why biodiversity came to be. When most of these models were developed, little was known about the mechanisms of inheritance that connect one generation to the next nor about how this hereditary material directs the development of diverse lifeforms. With the basic mechanisms of genetics and development now known, evolutionary biologists have been able to ask how genetic changes have altered development to produce diverse phenotypes. These studies have shown that changes in gene expression as well as gene function have contributed to phenotypic evolution and have also revealed genetic connections among traits that can influence the evolution of disparate traits. These observations motivate two current big questions in evolutionary biology: ''How do existing genetic and developmental systems influence the origin of phenotypic variation and thus shape evolutionary change?'' and ''How can our knowledge of genetic and molecular mechanism be integrated into evolutionary theories to produce more complete models of evolution?'' Addressing these questions will not only help uncover evolutionary changes that occurred in the past but will also improve our ability predict evolutionary changes most likely to occur in the future. The potential to predict paths of evolutionary change is especially exciting, as it could be used to help combat cancer, control disease outbreaks, and develop bioengineering solutions to the diverse challenges we face in our changing world.
Evolution with Foresight
Eugene Koonin National Institutes of Health For me, perhaps, the most pressing question in evolutionary biology is: are evolutionary mechanisms evolvable? More precisely, is it possible to demonstrate that certain molecular mechanisms have evolved under specific selective pressure for increased evolvability or simply increased rate of a particular type of evolutionary change? Traditionally, existence of such dedicated mechanisms and devices for evolution had been anathema to theorists because ''evolution has no foresight.'' Yet, I believe that several such mechanisms have already been discovered-inadvertently, not at all as a result of focused efforts. One of these has become famous for its utility in genome engineering: the CRISPR-Cas systems of bacterial and archaeal adaptive immunity. CRISPR-Cas is an elaborate molecular machine for directed change of microbial genomes that makes the organism immune to a specific pathogen. Clearly, this is an evolved mechanism of (quasi)Lamarckian microevolution. The CRISPR-Cas example shows that evolution has both memory of past events and some foresight as new encounters with the same pathogen are ''predicted''. Another strong case in point are the gene transfer agents, defective bacteriophages that, instead of the phage genome, package random segments of microbial DNA and transfer them by infecting other microbes. I believe that the discovery of these dedicated, evolved mechanisms of genome evolution refutes the simplistic ''no foresight'' view and calls for an amended evolutionary theoretical framework.
Predictive Evolutionary Genomics
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The millions of species on Earth span a stunning range of phenotypic diversity: Darwin's ''endless forms most beautiful.'' We know, in broad outline, that this diversity arises from differences in genomes. With today's DNA sequencing technologies, it is relatively straightforward to sequence genomes and identify the differences between them. Indeed, this has been accomplished for thousands of species, and the list is growing rapidly. Lagging a long way behind is our ability to pinpoint which specific genome sequences underlie each species' unique phenotypic features. To sharpen the focus on this problem, it's worth posing two related questions. First, given a genome sequence, what organism will it produce? This question is readily answered by the developmental program of each species (together with the initial conditions of the starting cell), but we cannot answer it in a very specific way. What collection of data, coupled with what predictive algorithms, would allow us to tell whether a genome encodes a mouse, an elephant, or a whale? Second, given the features of an organism, can we design a genome that encodes it? What genome sequence would specify a Tyrannosaurus rex, a Pterosaur, or a creature that never existed but whose existence isn't prohibited by any laws of biology? Both of the questions appear well-posed and answerable in principle, and the difficulty of answering them in practice highlights how far we still have to go in our understanding of evolution.
